leoprotein particle (Kole & Altman, 1979) , and by selfcleavage reactions that involve proteins only marginally if at all (Watson et a/.. 1984) .
For reviews on RNA processing and the distinction between primary and secondary RNA processing in prokaryotic cells the reader is directed to a number of articles (Mazzara vt al.. 1980; Gegenheimer & Apirion, 1981; Altman et a/., 1982; Apirion, 1983; Pace, 1984; Schmidt, 1984) .
I t is perhaps necessary to emphasize that thus far endonucleolytic RNA processing in E. coli involves the cutting of larger RNA precursors. However, there appeared a report on processing of a T4 bacteriophage messenger where the removal of an intervening sequence takes place (Chu et al., 1984; Belfort et a/., 1985) .
RNase 111
RNase Ill is the enzyme that cuts out the precursors of 16s rRNA and 23s rRNA from the nascent rRNA transcripts (Mazzara et al., 1980 , Gegenheimer & Apirion, 1981 Altman et a/., 1982; Apirion, 1983; Pace, 1984) . Thus far, the studies on RNase Ill suffered from the lack of sufficient quantities of this enzyme and the precise definition of its substrates. Both these deficiencies could be remedied by genetic engineering techniques, and we started to employ such techniques for the solution of these problems. We cloned the structural gene for RNase Ill (Watson & Apirion, 1985) and we found a small defined substrate for this enzyme (Szebereny et al., 1984; see Fig. I ).
The gene for RNase 111 ( m c ) was subcloned into the Abbreviations used: RNase, ribonuclease; kb, kilobases. pBR329 plasmid from a ColEl plasmid from the ClarkeCarbon collection (Clarke & Carbon, 1976) Vol. 14 807 amino acids; the coding sequence starts with an ATG codon and it terminates in a TGA codon. Extracts of RNase 111-strains that carry a plasmid with the rnc+ gene in it contain at least ten times more RNase 111 activity than a regular rnc+ strain (Watson & Apirion, 1985) . In order to quantify RNase 111 activity a proper substrate was necessary. We found that 7 s RNA which consists of 5s rRNA and the termination stem (Fig. 1) is a substrate for RNase 111 (Szeberenyi et al., 1984) . 7 s RNA is produced in substantial quantities when an rRNA minigene in a multicopy plasmid is introduced into an RNase E mutant, and it requires the inactivation of RNase E (Szeberenyi & Apirion, 1983; Szeberenyi et al., 1984) . This analysis of the products of this reaction also led to the suggestion that the box GAA/CUU is part of the signal for RNase 111 (Fig. 1) and helped to establish our present view that in some of the RNA-processing enzymes an element of sequence recognition is necessary for an RNA to become a substrate, and that the recognition between the enzyme and the substrate is not based solely on secondary and tertiary structure.
RNase E
This enzyme has been shown to process the precursor of 5s rRNA from the nascent rRNA transcripts (Mazzara et al., 1980; Gegenheimer & Apirion, 1981; Altman et al., 1982; Apirion, 1983; Pace, 1984) . This enzyme cuts from both sides of the 5s rRNA leaving a 5s rRNA that contains three additional nucleotides on each of its ends . A Ts-mutant was isolated in the gene for RNase E. (The gene was named me; see Gegenheimer & Apirion, 1981; Apirion, 1983) . In this mutant at the non-permissive temperature rRNA precursors, that contain 5s rRNA, accumulate. These precursors are processed into p5 rRNA by extracts of RNase E+ cells but not by extracts from RNase E-cells. Some of these precursors, 9 s rRNA and 7 s rRNA, were used to partially purify RNase E (Misra & Apirion, 1979; Roy & Apirion, 1983) .
To clone the rne+ gene, complementation of the inability of the m e mutant to grow at high temperatures was used. In this way a 1 Charon phage that contains a Hind111 E. coli fragment (about 1.8 kb) was isolated (Ray & Apirion, 1980) . This fragment can confer a Ts+ phenotype on an m e mutant apparently by recombination, since this complementation fails to occur when the m e mutant is in a recA genetic background. Therefore, a larger, PstI, fragment has been cloned that confers a Ts+ phenotype on an rne mutant in a recA or a recA+ genetic background.
The original PstI fragment (about 14 kb) has been subcloned, and the subclone was treated with BAL-31. The smallest E. coli DNA insert that contains the intact RNase E gene is 2.2 kb.
Thus far, only precursors of 5s rRNA were found to be substrates for RNase E. All of the precursors that are derived from the different seven rRNA genes of E. coli are very similar (almost identical) in the regions where RNase E introduces its cleavages. Therefore, for all practical purposes we had only a single substrate for RNase E. While studying RNA synthesis from plasmids that contain rRNA minigenes we found that a small RNA (about 100 nucleotides long) is synthesized from such plasmids. This small RNA when characterized turned out to be RNA I (Tomcsanyi & Apirion, 1985) . This is the small RNA that is involved in the regulation of plasmid DNA replication (Lacatena & Cesareni, 1981; Muessing et al., 1981; Tomizawa et al., 1981; Selzer et al., 1983) . The accumulation of this small RNA is dependent on the presence of the pBR 322 .
This RNA is a substrate for RNase E and at the cleavage site there are nine identical nucleotides (four before and five after the cleavage) in the two RNase E substrates (RNA I and 9.9 rRNA; see Fig. 2 ). Since these two RNAs (RNA I and 9 s rRNA) have probably nothing in common beside being a substrate for RNase E, we would like to suggest that these nine nucleotides are a necessary, or at least a useful, element in the recognition of an RNA molecule by RNase E.
Thus, we can see that for the two of the endonucleolytic RNA-processing enzymes of E. coli, RNase Ill and RNase E, an element of RNA sequences is part of the signal. While we would like to think that these sequences are necessary we do not believe that they are sufficient to determine an RNA substrate for these processing enzymes; secondary and tertiary structures are also to be considered.
S e l f 4 w v a g e of' R N A
While so far we have discussed two protein enzymes, we would like to point out a reaction that seems to involve only RNA. This takes place in p2Spl RNA (Watson ef al., 1984) . This RNA is a precursor of Species 1 RNA. This is a small RNA coded by T4 DNA (Guthrie at a/., 1974; Abelson, 1979) . The T4 DNA contains a transcription unit that codes for eight tRNAs and two small RNAs (Guthrie ef al., 1974 , Abelson, 1979 .
We studied RNA processing in a T4 mutant that contains an internal deletion of this region, T4A27. I t contains the first two tRNAs, tRNA"'" and tRNA','". and the last RNA. Species 1 RNA, from this transcription unit. In an RNase 111-strain infected with T4A27 all these three RNAs are contained in a single RNA precursor, 10.5s RNA (Pragai ; see Fig. 3 ). In different RNAprocessing mutants various precursors smaller than 10.5s RNA accumulate (Pragai & Apirion, 1981 , 1982 . In RNase E-cells infected with T4A27, p2Spl RNA accumulated (Pragai & Apirion, 1982) . This RNA contains Species 1 RNA and extra nucleotides at its 3' end (nucleotides 230-446 in Fig. 3 ). The transitions from p2Spl RNA to Species 1 RNA (the cleavage between nucleotides 368 and 369 in Fig. 3) can be facilitated by a protein factor found in uninfected host cells (Watson & Apirion, 1981; Gurevitz et al., 1982) , but it can also occur in the absence of any protein (Watson e f al., 1984) . The interesting point about this selfcleavage is that it is absolutely context-dependent. It happens only in p2Spl RNA but not in 10.5s RNA or 10.1s RNA ( Fig. 3; nucleotides 57446 ), or in a small RNA fragment (nucleotides 366-377; see Watson et a/., 1984) . Thus, it is clear that the diester bond that is subjected to self-cleavage is normal and only in a particular context of the RNA molecule it is capable of undergoing self-cleavage. Therefore, for the self-cleavage reaction the secondarytertiary structure of the RNA is of paramount importance. I t is of interest that while the secondary structure (as determined by computer programming) of the tRNAs is the same in 10.5s RNA, in 10.1s RNA, in the K RNA (the dimeric tRNA precursor) or in the mature tRNAs, the secondary structure of Species 1 RNA varies in the different contexts of RNA in which it is included. Different secondary structures of Species 1 RNA were found in 10.5s RNA, 10.1s RNA, p2Spl RNA and Species 1 RNA (Gurevitz & Apirion, 1985) . Whether or not these dramatic changes, indicated by computation, actually take place we do not know. However, it makes sense that changes in secondary and tertiary structure will take place since the cleavage is absolutely context-dependent.
There are two ways to consider the autocleavage reaction: it can be considered as a relatively recent evolutionary development, or as a very ancient one, preceding the biotic evolution. In at least some RNA-processing cleavages a good part of the specificity might be a property of the substrate (Pace et at., 1980; Pace, 1984 ). An RNA-processing enzyme could be derived from a non-specific nuclease and the specificity could be provided by various limitations on the potential cleavage sites derived from the secondarytertiary structure of the RNA molecule. This could be helped by evolving an RNA molecule that contains a site relatively sensitive to cleavage, and this could become the preferential cleavage site. (The cleavage reported here is between C and A, which is apparently a relatively weak linkage.) This preferential cleavage site could be sufficiently destabilized by the structure of the RNA to permit spontaneous cleavage to occur.
An alternative is that an RNA being able to cleave itself presented a selective advantage at the time when proteins were not readily available. This of course was superseded in the period when proteins became abundant, and what we observe is a remnant that goes back to early evolutionary times. At present it is hard to choose between these two possibilities, even though the fact that other RNA precursors do not seem to be cleaved spontaneously could perhaps favour the second possibility.
Processing and d e c q of R N A
With respect to processing of RNA, it seems that it would be useful to distinguish processing of intervening sequences from processing that involves cutting and trimming since we suspect that these two aspects evolved independently.
We suggest that processing of the cutting and trimming variety developed as a response to the evolution of RNA degradation, that evolved hand in hand with the evolution of the biosynthetic capacities of macromolecules.
Decay of RNA must have evolved in response to the evolution of the RNA synthetic capacity, otherwise the world would have been clogged with macromolecules and no new cells or any other biological entities could have developed. This is a simple truism that in order to cycle life, synthesis must be followed by degradation.
In this context, in order for the RNA molecules to be able to escape degradation, for the relatively short span when they had to be functional, RNA processing developed. This theme has been dealt with in a previous publication (Apirion, 1983) . Thus, by being synthesized as a larger RNA molecule, the functional part of the RNA can be folded into its final three-dimensional structure and then processed out from the nascent RNA chain, ready to function and resistant to the cellular nucleases. While this can explain cutting and trimming of RNAs, and some of the reasons for DNA intervening sequences (Apirion, 1983) , recent findings add a new dimension to the probable causes of the evolution of intervening sequences. These are the findings that RNAs are endowed with enzymatic activities (Cech et al., 1981; Guerrier-Takada et al., 1983; Zaug & Cech, 1985 , 1986 , especially significant here are the findings of ligation activities of intervening sequences (Zaug & Cech, 1985 , 1986 .
This opens up the possibility that it was sufficient to start evolution with RNA molecules, since they could potentially reproduce themselves and to recombine. These capacities, by and large, were taken over by the more efficient proteins that evolved later.
In summary, we can see that a single prokaryotic cell employs different strategies for the endonucleolytic processing of RNA, from protein enzymes to a ribonucleoprotein to RNA itself. This suggests rather strongly that the different RNA-processing reactions evolved independently in a typical evolutionary tinkering (bricolage) process (Jacob, 1982) , and for the first time we could have a satisfactory rationale for why RNAs are made larger than the final functioning units and have to be spliced, cleaved and trimmed before becoming functional.
